smokers develop the disease (11) . The reason for this is unknown, but it is likely that individual factors such as different levels of the antiprotease screen, different sensitivity to oxidants, variations in cellular and biochemical responses, and differences in immune or regenerative capacity of lung cells would predispose individuals to smoke-induced lung damage (2, 36) .
The mouse represents an important model for studying the contribution of genetic factors in lung disease susceptibility (38) . Previous studies from our laboratory (3, 7, 21) described the effects of chronic exposure to cigarette smoke in various strains of mice and showed that C57BL/6J and DBA/2 are susceptible and ICR are resistant to the development of lung disease. C57BL/6J are characterized by low levels of serum ␣ 1 -proteinase inhibitor (␣ 1 -PI) and a moderate sensitivity to oxidants, DBA/2 by high sensitivity to oxidants and normal levels of ␣ 1 -PI, and ICR by normal levels of ␣ 1 -PI and insensitivity to oxidants (ICR) (7) . When chronically exposed to cigarette smoke (7 mo), ICR mice did not develop emphysema. In contrast, patchy emphysema and a decrease in lung elastin content were observed in C57BL/6J and DBA/2 mice. Of interest, emphysema develops more rapidly in DBA/2 than in C57BL/6J mice; in the first strain, it develops after only 3 mo exposure. At this time, DBA/2 mice display emphysema foci scattered in a uniformly dilated parenchymal network (3) . Additionally, this strain developed a uniform parenchymal dilation that was preceded by the appearance of apoptotic cells in areas with a low signal for VEGF receptor 2 (3). The role of individual factors, which lead to different responses to cigarette smoke in these strains of mouse, is still the object of debate. We address this question by analyzing the lung gene expression profile to see whether subchronic (1 mo) exposure to cigarette smoke induces strain-specific molecular signatures, which precede the onset of anatomic lung changes.
MATERIALS AND METHODS
Animals. Three-month-old male mice, strains C57BL/6J, DBA/2, and ICR (Charles River) were used in this study. The mice were housed in groups of two to four in Macrolon cages. Room temperature ranged between 22 and 24°C, and the relative humidity ranged between 40 and 50%; food and water were supplied ad libitum. Animal experimentation was approved by the Local Ethical Commit-tee of the University of Siena. ICR is an outbred mouse, but it will be referred to as "strain" rather than as line or stock for simplicity.
Exposure to cigarette smoke. Mice were exposed to the smoke from three cigarettes per day, 5 days/wk, for 4 wk (commercial Virginia cigarette: 12 mg of tar and 0.9 mg of nicotine per cigarette) in especially designed cages according to our previous study (7) . Control mice were exposed to air under the same conditions (sham-exposed). The efficiency of the smoke delivery system was tested by measuring blood carboxyhemoglobin (COHb) in mice by CO oximetry. The blood COHb level increased from an undetectable baseline level (determined in unexposed control animals) to 12.09 Ϯ 2.30% in the smoke-exposed animals.
Four hours after the last exposure to cigarette smoke, the animals were anesthetized with diethyl ether and then exsanguinated by severing the abdominal aorta. The lungs were excised and processed for microarray analysis or morphological and morphometric studies.
Morphology and morphometry. For the morphological study, the lungs were excised and fixed intratracheally with buffered formalin (5%) at a constant pressure of 20 cmH 2O for at least 24 h. Postfixation lung volume was measured by water displacement. The lungs of all animals were then processed for histological examination and stained with hematoxylin-eosin. Morphometric assessment of emphysema, performed in all animals, included determination of the average interalveolar distance (mean linear intercept; Lm) and internal surface area (ISA) estimated by the Lm method at postfixation lung volume (3) .
RNA isolation and cRNA synthesis. Total RNA was extracted from mice lungs using TRIzol (Invitrogen Life Technologies, Irvine, CA) according to the manufacturer's instructions. RNA was resuspended in diethyl pyrocarbonate-treated H 2O (DEPC water), and the physical quality control of RNA integrity was carried out by electrophoresis using Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) and quantified by NanoDrop (NanoDrop Technologies, Wilmington, DE). RNA extracted from five individual lungs was tested. We have pooled equal amounts of RNA from five individual mice and used the pooled RNA for assessing the gene expression profile following validated protocols (17, 18) . Pooling was done out of necessity because the yield of RNA from mouse lung is very low.
Fifteen micrograms of RNA were reverse-transcribed into cDNA using SuperScript II Kit (Invitrogen Life Technologies) with an oligo(dT) 24 primer containing a T7 polymerase promoter site at 3Ј purchased from MWG-Biotech (Ebersberg, Germany). cDNA was purified by phenol-chloroform extraction followed by ethanol precipitation and resuspended in DEPC water. Labeled cRNA was synthesized using the in vitro transcription reaction in the presence of biotin-11-CTP and biotin-16-UTP and the BioAssay High Yield RNA Transcript Labeling Kit (Enzo Diagnostics, Farmingdale, NY). Biotinlabeled cRNA was cleaned up using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany) and ethanol precipitation, checked for quality with Agilent 2100 Bioanalyzer, and fragmented by incubation at 94°C for 35 min in mild alkaline buffer (40 mM Tris-acetate, pH 8.1, 100 mM potassium acetate, and 30 mM magnesium acetate).
Hybridization and analysis of gene expression data. Fragmented cRNA was used for hybridization to Affymetrix Murine Genome U74Av2 GeneChip (Affymetrix, Santa Clara, CA), which contains 12,488 probe sets. The chip represents ϳ6,000 functionally characterized gene sequences from the mouse UniGene database and 6,000 expressed sequence tags (ESTs). Hybridization was carried out for 16 h at 45°C. Chips were then washed with 6ϫ sodium chloridesodium phosphate-EDTA (SSPE), stained with streptavidin-phycoerythrin, and scanned using a confocal microscope scanner with the 560-nm long-pass filter (HP GeneArray Scanner 2500) according to Affymetrix guidelines. Expression values were quantified, and array quality control was performed using the statistical algorithms implemented in Affymetrix Microarray Suite 5.0. All microarrays were examined for surface defects, grid placement, and background intensity. All the global microarray quality metrics that are summarized in Caspase 12 (Casp12) F 5Ј-aatggaggtaaatgctggattg-3Ј R 5Ј-tcagtgtatcttggacttctg-3Ј Chemokine (C-C motif) ligand 6 (Ccl6) F 5Ј-gctggcctcatacaagaaatg-3Ј R 5Ј-aagcagcagtctgaagaagtg-3Ј Chitinase 3-like 3 (Chi3l3) F 5Ј-catctcttcagtgttctggtg-3Ј R 5Ј-agtagcagccttggaatgtc-3Ј Cytochrome P-450, subfamily IVB, polypeptide 1 (Cyp4b1) F 5Ј-ttcatttactggctcacaccac-3Ј R 5Ј-tttctgctccttctcatcctg-3Ј Elastin (Eln) F 5Ј-tcccggtggagtctattatc-3Ј R 5Ј-cacctccaagtcctccag-3Ј Coagulation factor II (thrombin) receptor (F2r) F 5Ј-cggtcccttgctgtcttc-3Ј R 5Ј-agtagactgccctaccctc-3Ј Interleukin-6 signal transducer (Il6st) F 5Ј-gcagatcgagcagaatgtg-3Ј R 5Ј-ccctcattcacaatgcaagtc-3Ј RAS-related C3 botulinum toxin substrate 1 (Rac1*) F 5Ј-tcatcagttacacgaccaatgc-3Ј R 5Ј-ggacgcaatctgtcataatcttc-3Ј RNA polymerase II (RPII*) F 5Ј-gatgaggatctgaccaaagag-3Ј R 5Ј-gcttccattcagcatacaactc-3Ј Ribosomal protein S5 (Rps5*) F 5Ј-agaagactcaacacgcattgg-3Ј R 5Ј-ggcgatgttcttgatgttcc-3Ј Serine proteinase inhibitor, clade F, member 1 (Serpinf1) F 5Ј-ctcagcatccttctccttg-3Ј R 5Ј-atcctggagggtcgtctttc-3Ј ␣1-Protease inhibitor gene fragment (Spi1-6) F 5Ј-aagggaacccaaggaaagatag-3Ј R 5Ј-tcagtgttctcaggatcgaatg-3Ј Transforming growth factor-␤1 (Tgfb1) F 5Ј-ctggagttgtacggcagtg-3Ј R 5Ј-gtggagtttgttatctttgctg-3Ј Tissue inhibitor of metalloproteinase-2 (Timp2) F 5Ј-tggacgttggaggaaagaag-3Ј R 5Ј-ggcacaatgaagtcacagag-3Ј Procollagen, type III, -␣1 (Col3a1) F 5Ј-ctggaatctgtgaatcatgtcc-3Ј R 5Ј-ccggatagccacccattc-3Ј
F, forward; R, reverse. *Reference genes used for data normalization.
Affymetrix report files were within normal ranges for all the samples. All samples had percent present calls within 7% of the mean value (55%). The scale factors (SF) for all the hybridizations were within 1 SD of the mean (SF 1-3). All samples had 3Ј/5Ј GapdhMur ratios and 3Ј/5Ј b-ActinMur ratios below the recommended threshold of 3. To asses RNA integrity, the "RNA digestion plot" was performed. Quality control and RNA digestion plot were used as implemented in the R (32) package affy (12) . All the chips showed equivalent RNA quality because the digestion plot displayed the expected curve profiles (data not shown). Array signals were scaled to an average intensity of 100, and the resulting data were analyzed by GeneSpring expression analysis software (version GX 7.3; Agilent Technologies). The raw data were normalized as follows: 1) per microarray sample, dividing the raw data by 50th percentile of all measurements; and 2) per gene, by dividing the normalized data by the median of the expression level for the gene in all samples. Fold changes were calculated as the ratio of the average expression level in the smoke-exposed mice to the average expression level in the mice exposed to air. The filtered genes were analyzed and grouped in functional categories using a GeneSpring Annotation tool that allows the determination of functional clusters by statistical representation of individual genes in specific categories relative to all genes in the same category on the array (14) . The measure of statistical significance is based on a hypergeometric P value without multiple testing corrections (GeneSpring expression analysis software). We considered significant the Gene Ontology (GO) categories in which the gene lists had a P value Ͻ0.05 and in which the number of genes belonging to that category was Ͼ3%. Data were complied with minimum information about a microarray experiment (MIAME) standard and have been deposited in the Gene Expression Omnibus (GEO) database (acc. no. GSE12036).
Real-time PCR. Real-time PCR analysis was performed on RNA from individual mice. Five biological replicates were done for each experimental condition in each strain to allow rigorous statistical evaluation of the results. Half a microgram of total purified RNA was reverse-transcribed into single-stranded cDNA on a GeneAmp PCR System 2700 thermal cycler (Applied Biosystems, Milano, Italy) using the Custom SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen Life Technologies) and T7 oligo(dT) 24 primers according to the provider's instructions. Cycling conditions were as follows: 60 min at 42°C, 5 min at 94°C, and 5 min at 4°C. Real-time quantitative PCR (qRT-PCR) was then performed on an iCycler (Bio-Rad, Hercules, CA) using iQ Supermix supplemented with 10 nM fluorescein (Bio-Rad) and 0.1ϫ SYBR Green I (Sigma, Milan, Italy), 5 l of cDNA, and 3 pmol sense and antisense oligonucleotide primers in a final reaction volume of 25 l. All primer pairs (Table 1) were designed using Primer3 software from mRNA sequences submitted to GenBank with a melting temperature optimum of ϳ60°C and a product length of 80 -150 nt (TIB MOLBIOL, Genova, Italy). The primers were tested before use to confirm their specificity and determine their optimal concentration. Primers with efficiencies Ͼ94% were used.
qRT-PCR was performed in triplicate (technical repeats) for each target gene on RNA extracted individually from 5 different lungs. After amplification, melting curves with 80 steps of 15 s and 0.5°C increase were performed to monitor amplicon identity.
Statistical analysis. We performed Fisher's exact test on a weighted contingency table to relate the gene expression profile with the differences among strains. We applied the analysis on paired groups testing the null hypothesis of similar number of modulated genes. Significance level of P Ͻ 0.05 was used to reject the null hypothesis.
Extensive statistical analysis was performed on biological replicates of RT-PCR. Real-time expression data were normalized using the BestKeeper software to the values obtained in parallel for cytochrome P-450, subfamily IVB, polypeptide 1 (Cyp4b1), RAS-related C3 botulinum toxin substrate 1 (Rac1), ribosomal protein S5 (Rps5), and RNA polymerase II (RPII). Relative expression values with SE values and statistical comparisons (unpaired 2-tailed t-test) were obtained using QGene software (26) . Expression changes were calculated from the mean value of normalizations obtained using the above genes as references. In each strain (C57BL/6J, DBA/2, and ICR), gene expression distributions were tested for normality using the Shapiro-Wilk test. To test the null hypothesis that variances within strains are equal, the Brown-Forsythe version (6) of the Levene test Fig. 1 . A and D: lung parenchyma from air-exposed (A) and smoke-exposed ICR (D) mouse at 1 mo after the start of the treatment. B and E: lung parenchyma from air-exposed (B) and smoke-exposed C57BL/6J (E) mouse at 1 mo after the start of the exposure. C and F: lung parenchyma from air-exposed (C) and smoke-exposed DBA/2 (F) mouse at 1 mo after the start of the treatment. Note in F, trivial spotty areas of air space enlargement. Hematoxylin-eosin stain was performed. Original magnification, ϫ40.
(20) was used, as implemented in the R package lawstat (16) . Differential expression between exposed vs. control mice was assessed via an equal variance t-test (equal variance between exposed and control mice was also tested using the Levene test for each gene). In all test procedures, P values were adjusted for multiple comparisons using the correction method introduced by Benjamini and Hochberg (4). Adjusted P values Ͻ0.05 were considered significant. All test procedures were performed using R v.2.7.2. Detailed results are shown in the data supplement online at the AJP-Lung Cellular and Molecular Physiology web site (Supplemental Tables S1-S3) .
RESULTS
Parenchymal changes in response to smoke. C57BL/6J, DBA/2, and ICR mice were exposed to the smoke from three cigarettes a day, 5 days/wk, for 4 wk, and the lungs were harvested and subjected to histological and morphometric evaluation as well as gene profile analysis. As reported in a previous study (3) , at 1 mo after cigarette smoke exposure, all strains of mice under investigation did not show Lm and ISA mean values different from those observed in their respective air controls (data not shown). However, DBA/2 mice showed spotty areas of emphysematous lesions. Representative micrographs for various experimental groups are reported in Fig. 1 .
Gene expression profile in response to smoke. Total RNA was tested in microarray experiments using mouse MU74Av2 Affymetrix GeneChip on which there are ϳ6,000 coding sequences and 6,000 ESTs. Modulation of gene expression by smoke exposure is shown in Fig. 2 . A high number of genes were expressed in every strain concomitantly in control and smoke-exposed mice. Scatterplot of the expression levels of individual genes in control and smoke-exposed mice showed a linear correlation that was statistically significant in each strain, demonstrating that the bulk of genes expressed in the lung was similar in control or smoke-exposed mice. When we looked at the genes for which expression was modulated by smoke, we found that 422 genes were upregulated and 482 downregulated in C57BL/6J, 507 genes were upregulated and 523 downregulated in DBA/2, and 1,018 genes were upregulated and 1,246 downregulated in ICR, demonstrating that each strain was sensitive to smoke as assessed by gene expression. Furthermore, we performed Fisher's exact test on a weighted contingency table comparing the number of modulated genes in response to smoke in the three strains of mice. The number of modulated genes is reported in Fig. 2 , and the total number of genes spotted on the chip is 12,488. The number of modulated genes of ICR was significantly different from those of DBA/2 (P Ͻ 2.2E Ϫ16 ) and of C57BL/6J (P Ͻ 2.2E Ϫ16 ), whereas the difference between DBA/2 and C57BL/6J was not significant (P Ͻ 0.1106). These results provide evidence supporting the differential response of the smoke-resistant ICR mouse strain relative to sensitive strains. The smoke modulated genes were analyzed and grouped according to their biological function using GeneSpring Annotation tool (GO browser) at a 3% cutoff (Fig. 3) . The results showed classes of modulated genes with potential relevance for the pathophysiology of smoke such as cell adhesion, cell communication, response to stress, defense response, and apoptosis. However, we found that the GO categories represented in each strain were completely different. For example, cell adhesion cluster included genes induced by smoke in C57BL/6J, inhibited in DBA/2, and not modulated in ICR. In contrast, the acute phase response class contained genes inhibited in C57BL/6J but induced in DBA/2 and unchanged in ICR. The class with the highest representation was cell communication, which contained genes induced in C57BL/6J and inhibited in DBA/2. ICR mice had the highest number of genes modulated by smoke, but they did not cluster significantly to any GO class. Macromolecule metabolism was the most represented class in ICR smokeinhibited genes and is unchanged in C57BL/6J or DBA/2. These results provided the first evidence that the gene expression profile in inflammatory response to smoke was different in these strains. This prompted us to perform a direct comparison of the modulated genes. Figure 4 shows the relationship among the genes induced (Fig. 4A) or inhibited (Fig. 4B) by smoke in the three strains of mice. Only 8 induced and 2 inhibited genes were common to all the examined strains, whereas the remaining genes were not shared, supporting the conclusion that response to smoke was dependent on the genotype. The list of the common genes is shown in Table 2 . Five out of eight genes Fig. 2 . C57BL/6J, DBA/2, and ICR mice were exposed to smoke, and the lung RNA was analyzed in microarray experiments using mouse MU74Av2 Affymetrix GeneChip. The numbers under the mouse strain name refer to concomitantly expressed genes in control or smoke-exposed animals. R coefficient refers to a scatterplot of the expression levels of smoke-exposed vs. control mice. R Ն0.95 is considered significant. Up-or downregulated are defined as those increased or decreased by Ͼ1.5-fold, respectively. have increased or decreased detoxifying and/or antioxidant activity as expected in the response to cigarette smoke injury (9, 10, 39) .
To compare the gene expression profile in inflammatory response to smoke, we took advantage of the available information on the pathophysiology of lung injury that differentiates these strains of mice. ICR is resistant, whereas DBA/2 and C57BL/6J are susceptible to smoke injury and develop pulmonary emphysema although with different phenotypical features. We reasoned that the cluster of genes containing those induced by smoke in the susceptible strains and not changed or inhibited in the resistant strain represented a manifestation of the susceptibility to cigarette smoke. This cluster of genes will be operationally referred to as "susceptibility genes." For simplicity, we show in tables and figures only the known genes excluding RIKEN and EST. The list of susceptibility genes consists of 16 entries shown in Table 3 . In addition to the common susceptibility genes, there will be other genes uniquely induced by smoke in DBA (DBA/2 susceptibility genes) or in C57 (C57BL/6J susceptibility genes) that are not modified in ICR. These clusters of genes will represent the different pathophysiological response of these two strains of mice to smoke. To support the concept of susceptibility, Tables 4 and 5 , for C57BL/6J and DBA/2, respectively, report these unique genes, which do not appear in Table 3 . It is noteworthy that DBA/2 mice are characterized by a significant expression of acute phase response genes, whereas the C57BL/6J susceptibility genes include cell adhesion and inflammatory/immune response genes supporting a molecular basis for the different pathological response to smoke between these two strains. We extended the analysis of the differences between DBA/2 and C57BL/6J by considering that the genes that were oppositely regulated in the two susceptible strains represented likely candidates, which could explain the differences between DBA/2 and C57BL/6J (DBA/2 signature and C57BL/6J signature). Indeed, we found it interesting that these genes could account for the different response to smoke such as the expression of caspase 12, serine proteases inhibitors, and cell adhesion genes, as it will be discussed ( Table 6) .
Validation of microarray data was performed on selected genes using RNA extracted from 5 distinct mice. The results are shown in Gene expression distributions were first tested for normality using the ShapiroWilk test (see Supplemental Table S1 ) to determine the applicability of parametric tests. No gene showed a distribution significantly different from normal irrespectively of the strain and the treatment. Therefore, we proceeded with the Levene test (see MATERIALS AND METHODS for details), both in control and smoke-exposed mice to test the null hypothesis that variances within strains are equal (see Supplemental Table S2 ). The results demonstrated homogeneity of the variance among strains for all genes tested. These results exclude that the strain-to-strain variability in gene expression interfered with the interpretation of the results and support the validity of our experimental design. Specifically, the outbred nature of the ICR did not add significant variability to the expression of the genes under investigation. Differential expression between control vs. smoke-exposed mice was assessed via an equal variance t-test (see Supplemental Table S3 ). The genes statistically different in control vs. smoke-exposed mice are marked in bold in Supplemental Table S3 and with an asterisk in Fig.  5 . The results demonstrate a differential response to smoke among the 3 strains of mice on the bases of the 11 genes tested, supporting the existence of a genetic base for the response of mice to smoke exposure.
DISCUSSION
We report here on the changes in gene expression induced by 1-mo exposure to cigarette smoke in the lungs of mice either resistant or prone to develop lung changes resembling emphysema after 6 mo exposure. This study was performed 1 mo from the start of chronic cigarette smoke exposure, a time in which anatomic changes are not fully developed. This was done to see whether some changes in gene clusters may be associated with the onset of destructive lung lesions. We demonstrate the existence of gene clusters uniquely characterizing the pathological response of the sensitive strains and identify genes potentially involved in tissue damage. The validation of the microarray data was carried out on selected upregulated, downregulated, or unchanged genes using real- time PCR. Since the trend of modulation was the same, we may confirm good concordance between the results obtained. Statistical analysis of the PCR data was important to show that the 3 strains of mice were homogeneous with respect to gene expression either in the control group or following smoke exposure. Furthermore, we showed that the use of 5 mice per group was sufficient to overcome the potential problems caused by the possible heterogeneity in gene expression of the ICR that is an outbred line. We conclude that the susceptibility to smoke, rather than genetic random variability, was responsible for the differences observed. This conclusion is further supported by previous data (7) showing that ICR mice do not exhibit heterogeneity in terms of lung responses (i.e., lung elastin and morphometry) to chronic cigarette smoke exposure. This uniform response was further confirmed in subsequent testing of a larger number of animals (G. Lungarella and E. Cavarra, unpublished results). Moreover, ICR mouse has been widely used in phenotype-/genotype-dependent studies under several experimental conditions as the reference animal (for its resistance to oxidative stress) in gene expression studies (28, 29, 34, 35, 40, 42) . The present discussion and interpretation of the results is based on the association of the gene expression profile with the smoke response characteristics of each strain of mouse. The genes expressed in the lung of the mice were remarkably similar even if they belong to different strains and cigarette smoke was able to modulate gene expression in each strain of mouse. Although each strain responded to smoke with changes in 800 -2,000 genes, only 8 genes were commonly modulated in the 3 strains. These genes are endowed with antioxidant (e.g., Gpx2, Cyp1a1, Cyp1b2; Refs. 9, 39) or detoxifying (e.g., NQO1, Aldh3a1; Refs. 9, 10) activities consistent with a response to oxidative smoke-elicited injury (34) . Oxidative stress is mediated by reactive oxygen species (ROS) and reactive nitrogen species, and it elicits a protective response in which lung cells upregulate antioxidant defenses. Insufficient protective response results in emphysema and related pathologies (22, 33) . The induction of genes with antioxidant/detoxifying activities demonstrated the existence of a general basic response to environmental pollutant that could have been predicted from the existing literature (9, 25, 48) . Induction of genes that counteract oxidative stress has been demonstrated by microarray analysis in human bronchial epithelial cells (47) and in Swiss 3T3 mouse cells (5) in vitro. However, it was surprising to find that only 8 out of 1,947 genes are commonly modulated under our experimental conditions, providing the first indication that the early response to smoke is predominantly strain dependent.
The differences in gene expression profiles of the three strains raised questions on the functional clusters attributes of these genes and specifically whether similar or different gene categories were represented in each strain. To address this issue, the modulated genes were clustered on the basis of their function using the GO examination. A statistical analysis was performed to select significant clusters of these genes. We found that the GO categories of modulated genes were unique to each strain demonstrating that not only the genes, but also the functional categories of smoke-sensitive genes were unique to each strain. This conclusion was further emphasized by the observation that two GO categories, cell adhesion and cell communication, that were present in the DBA/2 and C57BL/6J profile were modulated oppositely, downregulated in the former and upregulated in the latter. Furthermore, proemphysematous clusters, acute phase response and cell adhesion, were induced in emphysema-prone DBA/2 or C57BL/6J strains, respectively. The smoke-resistant ICR strain failed to show modulation of these gene clusters in response to smoke.
Taking advantage of the differences among strains, we defined operational clusters with a potential association to a specific pathophysiological process. We defined the cluster of common susceptibility genes as those concomitantly induced in C57BL/6J and DBA/2 but not modulated or inhibited in ICR (Table 3) . About 16 genes belong to the susceptibility cluster, among which, four seem to be particularly interesting. Cxcl5 is a chemokine that mediates the recruitment of neutrophils into inflammatory sites, and induction of Cxcl5 has been shown in COPD patients during acute exacerbations (30) . Cdh13 is a transmembrane glycoprotein that is involved in cell adhesion and contributes to tissue morphogenesis, cell growth, differentiation, and survival. Cdh13 is also able to downregulate surfactant protein D (41), which is involved in the pathogenesis of lung emphysema (45) . Adm is a potent vasodilator and antioxidant peptide that may play a protective role in the pathogenesis of emphysema by favoring tissue regeneration through mobilization of bone marrow cells (27) . Ube2v2 catalyzes the synthesis of noncanonical polyubiquitin chains and plays a role in control of cell cycle, differentiation, and DNA repair and contributes to the survival of cells after DNA damage. Genes belonging to this cluster may have a prognostic role in the pathogenesis of lung damage. The diversity of the pathological response to smoke between DBA/2 and C57BL/6J prompted our in-depth analysis of the genes induced by smoke that are unique to each strain. We individually compared DBA/2 with ICR and C57BL/6J with ICR using the same criterion for selection of those induced by smoke in the susceptible strains and not changed or inhibited in the resistant strain. Operationally, we define these clusters as DBA/2 susceptibility or C57BL/6J susceptibility genes. DBA/2 susceptibility genes are characterized by a series of serine protease inhibitors (Table 5 ): Spi1-6, Spi1-5, Spi1-4, Spi1-3, Spi1-2, Spi1-1, and Serpinf1. An early increase in these antiproteases may represent the initial reaction to smoke exposure aimed at tissue destruction resistance by proteases. Furthermore, the response of DBA/2 mice is characterized by the upregulation of Casp12, a proapoptotic gene, Eln, and Col3a1 (3, 21) . In this study, the upregulation of four of these genes has been validated by real-time PCR. The induction of Col3a1 and Eln in DBA/2 is associated with a decrease in ICR mice. C57BL/6J susceptibility genes are characterized by upregulation of inflammatory genes (Table 4 ) Ccrl1, Ifi202a, and Ccl27, coding for chemokines, chemokines receptors, and cytokines, which may lead to recruitment of leukocytes and subsequent activation. Noteworthy in this strain, smoke treatment induces an upregulation of Ncf2, the gene encoding the NADPH oxidase cytosolic component p67 phox . It is well-known that cigarette smoke-mediated ROS generation via NADPH oxidase plays a pivotal role in activation of various kinases and transcriptional factors, such as NF-B, leading to the release of proinflammatory mediators (46) . Of particular relevance is the upregulation of F2r, Timp2, Ccl6, Il6st, Ch3l3, and Tgfb1 (Table 4) , which have been implicated in goblet cell metaplasia induced by cigarette smoke (1). In particular, Timp2 plays an important role in lung tissue and extracellular matrix homeostasis and has been implicated in COPD progression (8, 37) . It is noteworthy that two of these genes, F2r and Il6st, were not only induced in the C57BL/6J strain, but also inhibited in the ICR mice.
It is well-known that inflammation and oxidative stress play an important role in the pathogenesis of COPD. In the lung of cigarette smoke-resistant ICR mice, we looked at the expression of molecules involved in the modulation of signaling pathways that regulate inflammation and oxidative stress. Our results indicate in ICR mice a downregulation of several genes of macromolecular metabolism (Fig. 3) involved in regulation of TGF-␤ and NF-B signaling and in histone and/or transcription factors phosphorylation. It is currently accepted that TGF-␤ transcription is regulated by NF-B and activator protein-1 (AP-1) and involves histone hyperacetylation at distinct promoter sites (19) . These data strongly suggest that the degree of transcription activation mediated by NF-B and AP-1 pathways in ICR mice is lower in respect to the two strains sensitive to cigarette smoke. This may provide an explanation why ICR mice are protected against chronic cigarette smoke.
Finally, we looked for genes oppositely regulated in the DBA/2 and C57BL/6J strains that could represent as restricted signature of smoke-inducible genes. We defined as DBA/2 signature genes induced in DBA/2 and downregulated in C57BL/6J and vice versa for the C57BL/6J signature. Interestingly, we found some of the previously discussed genes in these signatures. For example, the DBA/2 signature comprises the five serine protease inhibitors, and C57BL/6J signature includes some proinflammatory genes. The opposite modulation of some of these genes in DBA/2 and C57BL/6J was validated by real-time PCR and provides a strong argument supporting the diversity of the influence of the genetic background on response to smoke. It is conceivable that opposite modulation of genes involved in the inflammatory response or in tissue remodeling may condition the progression of the disease. Microarray analysis has been used to test human specimens from smokers and from patients with severe emphysema. Golpon et al. (13) analyzed the gene expression profile of patients with two types of severe emphysema, "usual emphysema" and ␣ 1 -antitrypsin (AAT) deficiencyrelated emphysema. They found altered expression of genes coding for proteins involved in inflammation and proteolysis and sets of genes that discriminate between tissues from patients with usual and AAT deficiency-related emphysema such as protein biosynthesis, energy pathways, electron transport cellular defense response, and signal transduction. Heguy et al. (15) analyzed the effects of smoke exposure on human alveolar macrophages (AM) of phenotypically normal smokers. The AM of healthy smokers express elevated levels of a variety of mediators, proteases, cell adhesion molecules, neutrophil chemoattractants, and other immune response and inflammatory mediators, with potential relevance in the pathogenesis of COPD based on the hypothesis that early changes in gene expression take place before the establishment of COPD (15) .
We have targeted a very early phase of smoke-induced lung injury in mice, roughly corresponding to 7-10 yr of active smoking in susceptible human smokers, which need 30 -40 yr of active smoking to develop clinically detectable COPD (23, 44) . According to the recently published conceptual framework for emphysema, we sampled genes that should be regulated during the progressive disruption of lung maintenance, eventually involved in the activation of cellular and molecular mechanisms leading to alveolar destruction in susceptible individuals (23) . Even though these studies were conducted in an animal model, for which the limits are known (24) , the results reported in this paper may have relevant implications for human disease and may open a way to select novel therapeutic targets.
